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Abstract
We study chiral J-aggregates of the amphiphilic dye 1A that are spontaneously and asymmetrically generated from
achiral dye monomers. These aggregates occur in two types. One type possesses a threefold split J-absorption band and
forms micrometer-sized superhelices. The other type has a twofold split J-absorption band and forms smaller nano-
particles. We show that the analysis of optical experiments with polarized light in terms of an exciton model yields
strong indications that the smaller aggregates have a cylindrical structure as well; the lower exciton band is polarized
along the cylinder axis, while the higher band is polarized perpendicular to it. Our analysis allows for an estimate of the
number of molecules around the circumference of the cylinder. Fluorescence–polarization excitation spectra at room
temperature conﬁrm the cylinder model. At low temperature, these spectra reveal a surprising loss of ﬂuorescence
polarization upon excitation in the higher exciton band. Possible explanations for this observation are dis-
cussed.  2002 Elsevier Science B.V. All rights reserved.
1. Introduction
The light-harvesting complexes (LHCs) of
photosynthetic bacteria and plants consist of
strongly coupled and highly ordered assemblies
of chlorophyll molecules and their derivatives
which absorb light energy and transfer it through
many dye molecules in direction to the photosyn-
thetic reaction center [1–3]. Especially the very
eﬃcient LHC LH2 of purple bacteria adopts a
tight ring-shaped structure with a diameter of 7 nm
which is built up from 16 or 18 bacteriochlorophyll
a (Bchl-a) molecules. The absorbed light energy is
then transferred to the LHC LH1, where it triggers
photosynthesis in the reaction center. Also the
LH1 complex has a ring structure containing 32
Bchl-a molecules. The nature of the exciton states
in LH2 has been the topic of many recent studies.
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In particular the extent of the exciton wave func-
tion (the delocalization length) is a source of much
debate [4]. Strong indications exist that, at least at
low temperature, the initially excited states in the
B850 ring are coherently delocalized over a major
part of the ring [5].
In order to mimic LHCs it will be necessary to
develop supramolecular dye assemblies which have
giant absorption cross-section and the ability of
fast and eﬃcient excitation energy migration. Such
assemblies are the well-known J-aggregates of or-
ganic dyes [6,7]. They are further characterized by
resonance ﬂuorescence of high quantum yield and
by absorption bands in the visible region that are
exchange-narrowed and red-shifted relative to the
broad absorption band of the monomeric mole-
cules [8–11]. However, in order to realize cyclic J-
aggregates similar to the natural LHCs, it was
necessary to develop a new type of dyes 1
[R ¼ CnH2nþ1; R0 ¼ ðCH2Þm–X with n > 6, m ¼ 2
or 3, X ¼ SO3H or COOH], whose molecules are
amphiphilic in nature and contain both hydro-
phobic alkyl groups and hydrophilic acidic sub-
stituents [12–14]. In aqueous solution such dyes
form J-aggregates that show the eﬀect of pigment
interaction performing energy-migration (PIPE)
eﬀect. Consequently, the J-aggregates of the am-
phiphilic dyes are designated amphi-PIPEs (cf.
Scheme 1). Depending on the substituents of the
aggregating dyes as well as on the environment,
the amphi-PIPEs exist either as ribbons [15], na-
notubes [16], vesicles [16], or even as spontane-
ously and enantioselectively generated chiral
entities like superhelices [15,17].
In this paper we study the linear spectroscopy
of chiral J-aggregates generated from the achiral
dye 1A (1, R ¼ C8H17; R0 ¼ ðCH2Þ3 COOH).
Scheme 1. Dye 1.
Fig. 1. Absorption spectra in the visible region of dye 1A J-
aggregates having a twofold split (a) and a threefold split (b) J-
band (––) and their constituent single peaks after deconvolution
by asymmetrical Gaussian functions (- - -). (a) 1.0 ml 104
mol l1 dye solution in methanol plus 9.0 ml 102 mol l1
aqueous sodium hydroxide solution in 1 cm cuvette. The single
peaks are positioned at 16 592 cm1 [82.3 cm1; 9.59], 17 422
cm1 [556.9 cm1; 54.93], and 19 000 cm1 [1436.9 cm1; 25.21].
The values in brackets are the FWHM and the relative areas of
the peaks. The correlation coeﬃcient of goodness of deconvo-
lution is R2 ¼ 0:9888. (b) 5:8 107 mol l1 dye directly solved
in 20 ml 102 mol l1 aqueous sodium hydroxide solution,
thickness of the cuvette 1 cm. The single peaks are positioned at
16 636 cm1 [79.5 cm1; 9.53], 17 199 cm1 [371.5 cm1; 32.52],
17 861 cm1 [351.0 cm1; 17.33] and 19 000 cm1 [1436.9 cm1;
22.65]. The values in brackets are the FWHM and the relative
areas of the peaks. The correlation coeﬃcient of goodness of
deconvolution is R2 ¼ 0:9837.
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From their spectral behavior it turns out that these
aggregates exist in two diﬀerent species (cf. Fig. 1).
One type has a threefold split J-absorption band
with maxima at 562, 583, and 600 nm. According
to cryogenic transmission electron microscopy
(cryo-TEM) this type forms micrometer-sized,
rope-like superhelices consisting of several cylin-
drical strands that have a diameter of about 10 nm
each [15]. Presumably, the cylinders are composed
of bilayers similar to the other amphi-PIPEs con-
sisting of the same chromophore [14]. In this case
the octyl groups of the coupled dye molecules in-
teract with each other by hydrophobical forces in
order to ensure the bilayer structure, whereas the
acidic carboxypropyl substituents of the inner
layer point to the center of the cylinder and that of
the outer layer interact with the water molecules of
the solvent used. The superhelices can be separated
from solution by ﬁltration through nylon ﬁlters
having pores of 0.22 lm diameter (cf. Section 3).
Owing to their lm size scale, they exhibit strong
light scattering eﬀects, which, unfortunately, pre-
vent polarization dependent measurements.
The other type of J-aggregates, which will be
the main focus of this work, has a twofold split J-
absorption band with maxima at 576 and 606 nm.
These aggregates must be very small, because they
pass the above mentioned nylon ﬁlter, exhibit less
light scattering and, hitherto, it was not possible to
visualize them by cryo-TEM. Therefore, it is sup-
posed that these J-aggregates have a micellar
structure consisting of coupled dye molecules
whose octyl groups point to the center of the mi-
celle forming there a quasi-liquid phase, whereas
the acidic carboxypropyl groups are at the surface
of the micelle [14]. As the small J-aggregates are
optically active, just like the larger ones, the basic
question to be answered is whether the small ag-
gregates also have a cyclic or even a cylindrical
structure, similar to the single strands of the su-
perhelices. From recent measurements of the ab-
sorption and ﬂuorescence spectra under high
pressure, it was concluded already that the small J-
aggregates should have a hollow structure [18].
In this paper we brieﬂy present some of the
essential elements of the theory of the spectral
behavior of cylindrical J-aggregates (Section 2), we
explore the experimental conditions to prepare
diﬀerent, optically active J-aggregates of dye 1A
(Section 3), and we determine the polarization of
the transition moments relative to the J-aggre-
gates’ axes and investigate the ﬂuorescence polar-
ization of the small J-aggregates in dependence on
temperature (Section 4). The results strongly sup-
port the assumption that the small J-aggregates
possess a cylindrical architecture as well. We
conclude in Section 5.
2. Theory of spectral behavior of cylindrical J-
aggregates
In order to model the spectral behavior of
cylindrical J-aggregates we assume that they are
built up from weakly interacting rings, each
containing Nring identical molecules which are in-
clined by the angle b with respect to the ring’s
plane, as shown in Fig. 2. Each ring is chiral and
displays optical activity provided that b 6¼ 0,
6¼ 90, and 6¼ 180. One enantiomer has angles b
between 0 and 90, the other one between 90
and 180. It is assumed that the single strands of
the large superhelices also consist of such rings
that are stacked up to cylinders [15,19]. As can be
seen in Fig. 2, by the stacking procedure in each
cylinder Nring intertwined single helices are formed
which might enhance the observed optical activ-
ity.
As is appropriate for molecular systems, we will
use the Frenkel exciton model to describe the ex-
cited states [20]. Since we do not have detailed
knowledge of the aggregate structure, we will take
the simplest point of view and restrict ourselves to
nearest neighbor excitation transfer interactions J
between the molecules within each ring; interac-
tions between rings are assumed to be suﬃciently
weak to be ignored. A more detailed treatment,
dealing with long-range interactions both inside
rings and between molecules in diﬀerent rings is
presented in Ref. [21]. Such an extension does not
aﬀect the essential properties to be described below
(notably the existence of two linear optical transi-
tions with perpendicular polarization), but it does
aﬀect the parameters that can be deduced from
comparison to experiment (also see Section 5). In
the subspace of singly excited states, which are the
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only ones of interest to linear optics, the relevant




E0jnihnj þ Jðjnihnþ 1j þ jnþ 1ihnjÞ: ð1Þ
Here, jni is the state with molecule n in its excited
state and all other molecules in their ground states,
E0 is the excitation energy of an isolated molecule
and disorder is neglected. From the diagonaliza-
tion of this Hamiltonian one obtains its eigenvalues
Ek and eigenvectors ak ¼ ðak;1; . . . ; ak:N Þ which de-





As cyclic boundary conditions naturally apply









ðk ¼ 0;1;2; . . . ;Nring=2Þ ð3Þ
with energies split into the exciton band
Ek ¼ E0 þ 2J cos 2pkNring
 
: ð4Þ
It is obvious that for J-aggregates, i.e., aggregates
with J < 0, the k ¼ 0 state represents the lower
edge of the exciton band.
Because the transition dipole moments of the
exciton states ~lk result from summing over the
transition dipole moments of the individual mol-
ecules ~l0n weighted by the amplitude of the mole-










the optical interaction of the exciton states de-
pends on the direction of the transition dipoles of
the individual molecules in the aggregate. For
instance, it is well known that in linear chains,
with all molecules having the same orientation,
only ~lk¼0 diﬀers from zero. Therefore, linear J-
aggregates consisting of N molecules exhibit only
one absorption line, corresponding to the lowest
exciton transition and having an oscillator
Fig. 2. Demonstration of circular arrangement of the molecules
in the J-aggregate: (a) each dye molecule is represented by a box
with the dimensions L ¼ 1:9 nm, H ¼ 1:0 nm, and D ¼ 0:4 nm.
The octyl substituents R are taken outside of the box. The
transition dipole moment~l0n lies in direction of the long edge of
the box. (b) In this example a circle is built by Nring ¼ 10 mol-
ecules which are tilted by angle b in respect to the circle plane.
The thickness D of the molecules is taken equal to the distance
between the axes of neighbored molecules. (c) A cylinder con-
sisting of a tenfold helix which is formed by putting ﬁve rings
one upon another.
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strength that is enhanced by a factor of N com-
pared to the individual molecules.
A diﬀerent situation arises in circular aggre-
gates [22]. Let us assume that the molecules form
a ring in x–y plane, with dipoles along the long
molecular axes (cf. Fig. 2). Then, on the one hand
for the k ¼ 0 state only the z-components of the
~l0n sum up constructively, while the in-plane
components compensate to yield exactly zero. On
the other hand for the two degenerate states with
k ¼ 1 the in-plane components of ~l0n sum up
constructively, giving rise to a ﬁnite oscillator
strength of these states, while the z-components
compensate to zero. The transitions to all other
Bloch states have vanishing oscillator strength.
Therefore, a circular J-aggregate with molecular
transition dipole moments that are neither exactly
in the plane of the ring nor exactly perpendicular
to it, reveals an absorption spectrum with two
absorption bands. The transition to the lower
lying k ¼ 0 state is polarized perpendicular to the
circle plane (i.e., along our cylinder axis), while
the transitions to the higher lying k ¼ 1 states
are polarized in the plane of the ring (perpen-
dicular to the cylinder axis).
It is of interest to note that measurement of
the positions of these two exciton absorption
lines, together with knowledge of the monomer
transition energy, suﬃces to obtain the number of





¼ Ek¼1  E
0
Ek¼0  E0 : ð6Þ
Thus, Nring determines the splitting between the
two lines resulting from k ¼ 0 and k ¼ 1. This
even holds in the presence of long-range inter-
actions inside a particular ring or between mol-
ecules residing on two distinct rings [21]. Then,
however, one needs detailed knowledge of these
additional interactions in order to extract Nring
from the measured spectra.
Obviously, the transition dipoles from the ag-
gregate ground state to the three dipole allowed
exciton states depend on the tilt angle b between
the transition dipole moments of the molecules
and the circle plane (see Fig. 2). Performing the









p ð~ex  i~eyÞ cosðbÞl0; ð7Þ
where l0 denotes the magnitude of the molecular
transition dipoles. It is now straightforward to
relate the ratio of the total intensities Ak¼0 and
Ak¼1 (integrated absorption proﬁles of both
lines) to the angle b. Accounting for the degen-






¼ tan2 ðbÞ: ð8Þ
This gives the interesting possibility to determine
the angle b from integrating the two observed
absorption lines. Eq. (8) is not altered by inclu-
sion of long-range intra-ring and inter-ring in-
teractions [21].
Of course, in practice both absorption lines are
broadened by disorder. As long as the disorder is
weak relative to the splitting between the two
peaks, the disorder will not strongly mix the
nondegenerate Bloch states and the above picture
derived for perfectly ordered aggregates, still
captures the essential physics, provided that one
allows for broadening of the two absorption lines.
In this weak-disorder situation, the amount of line
broadening is reduced by exchange narrowing [8–
11]. For the higher-energy (k ¼ 1) absorption
line, the narrowing factor is less than for the k ¼ 0
state, as a consequence of the disorder-induced
splitting within the degenerate pair. In the case of
fast dynamic energy disorder, it has been shown
that the higher-energy (k ¼ 1) line is twice as
broad as the low-energy (k ¼ 0) one [23], while in





[24]. Moreover, the higher line is
also broadened by energy relaxation to the lower
state. Thus, quite generally, the absorption spec-
trum of a cyclic J-aggregate is expected to exhibit
two absorption lines, where the higher-energy one
is appreciably broader than the lower-energy one.
This provides a natural explanation for the two-
fold split absorption spectrum in Fig. 1(a). We will
come back to this in more detail in Section 4.
In fact, the above model for J-aggregates having
a cyclic structure also allows for a plausible inter-
pretation of the threefold split absorption spectrum
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(Fig. 1(b)) of the large superhelices of dye 1A. As
already mentioned the diameter of their constituent
single strands of about 10 nm is too large for the
formation of single-walled micelles. Therefore, it is
likely that the single strands are bilayer tubules
having a bilayer thickness of 4 0:5 nm [15]. If so,
the inner layer must contain fewer molecules than
the outer one, provided that the intermolecular
distances are the same in both layers. Thus, as the
energies of the k ¼ 1 states (polarized perpen-
dicular to the cylinder axis) depend on Nring, these
transitions have diﬀerent absorption energies for
the inner and outer ring of the bilayer, whereas the
k ¼ 0 states of both layers (polarized parallel to the
axis) have identical energies (assuming the mono-
mer transition energy and the intermolecular in-
teraction to be the same for both layers). This
automatically gives rise to a spectrum with three J-
absorption peaks (cf. Fig. 1(b)).
3. Sample preparation
Dye 1A used in this paper was purchased from
FEW Chemicals [25] and puriﬁed by recrystalli-
zation from dimethylsulfoxide (DMSO). The mo-
lar extinction coeﬃcient of the pure dye in both
DMSO and methanol amounts to 185 000
cm2 mmol1, having absorption maximum at 528
nm in DMSO and at 523 nm in methanol with
halfwidth (FWHM) of the absorption band of
1436 cm1 in DMSO [26]. 1
To prepare J-aggregates with a threefold split
absorption spectrum with maxima at 562, 583, and
600 nm (shown in Fig. 1(b)), the crystalline powder
of the dye is solved in 102 mol l1 aqueous sodium
hydroxide solution by stirring for 24 h under ar-
gon atmosphere [15]. The nylon ﬁlters used for
separating the J-aggregates from solution were
purchased from Micron Separations, Inc., West-
boro, MA, USA. In order to prepare J-aggregates
having a twofold split absorption spectrum with
maxima at 576 and 606 nm (shown in Fig. 1(a)),
either ethanol is added to the solutions with J-
aggregates having a threefold split absorption
spectrum or dye 1A is ﬁrst solved in ethanol and
this stock solution is then slowly poured into a
102 mol l1 sodium hydroxide solution.
The regions for the existence of two- and
threefold split J-aggregates of dye 1A in depen-
dence on the concentration of the dye and the
ethanol content of the solution are given in Fig. 3.
Instead of ethanol also other alcohols can be used,
such as methanol, ethyleneglycol, or polyvinylal-
cohol (PVA). In the present work usually a solu-
tion of 103 mol l1 dye 1A in 102 mol l1 sodium
hydroxide containing 20% ethanol was used to
prepare the J-aggregates with a double split ab-
sorption spectrum. 1
To perform polarized absorption measure-
ments, a 106 mol l1 dye solution in 102 mol l1
sodium hydroxide (in bidistilled water) was mixed
one to one with an aqueous PVA solution (5 g
PVA, molecular weight 72 000, FLUKA, Buchs,
Switzerland, per 150 ml bidistilled water). The
Fig. 3. Regions of existence of monomeric molecules and of
J-aggregates of dye 1A with twofold and threefold split J-
absorption bands solved in 102 mol l1 aqueous sodium
hydroxide solution at room temperature in dependence on dye
concentration cD and on the content of ethanol.
1 The dye sample 1A provided by FEW Chemicals [25]
consisted of about 50% of the dye bromide shown in Scheme 1
which contains two neutral carboxylic acid substituents R0 and
50% of the dye betaine having two diﬀerent R0 substituents:
R01 ¼ ðCH2Þ3COOH and R02 ¼ ðCH2Þ3COO. Apart from the
puriﬁcation eﬀect through recrystallization of dye 1A from
DMSO, HBr is split oﬀ during this procedure, thus producing
the pure betaine, which is much better soluble in DMSO than
the dye bromide. In Refs. [12–14,18,28] a sample of dye 1A was
used that was contaminated by a certain amount of the
precursor from synthesis [26].
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spectrum of this mixture, shown in Fig. 4 (solid
line), resembles that of the twofold split J-aggre-
gates in Fig. 1(a). It possesses a more pronounced
absorption in the region of the dye monomers
(below 550 nm), the origin of which is not clear
yet. As this feature is not polarized (Section 4.2), it
seems not to be directly related to extended exciton
transitions on the aggregates. Therefore, we ig-
nored it in the further analysis. This solution was
then poured onto a planar support and evaporated
in the dark. The absorption spectrum of the ob-
tained ﬁlm kept its twofold split form, with slightly
shifted and broadened J-peaks, as is shown by the
dashed line in Fig. 4. In order to orient the J-ag-
gregates, the ﬁlm was stretched in a hot air stream
by a factor of 2.7.
In order to perform ﬂuorescence measurements
at low temperature, a glass building solvent con-
taining 20% ethyleneglycol and 80% 102 mol l1
NaOH (in double distilled water) was used to pre-
pare a 104 mol l1 solution of dye 1A. At room
temperature, this solution also reveals a twofold
split absorption spectrum, as will be seen in Section
4.2. To prepare a clear glass, a droplet of this so-
lution was placed between two glass slides (0.4 mm
thickness each). This sandwich-like sample was
then splashed into liquid nitrogen before cooling
down by liquid helium evaporation to the aimed
temperature. The low-temperature absorption
spectrum still reveals the double-peak structure (see
Section 4.2). The optical density in the absorption
maximum of the prepared samples was about 0.2.
4. Results and discussion
4.1. Absorption spectra
The exciton theory outlined in Section 2 is ap-
plied to interpret the spectral behavior of the
prepared J-aggregates. We ﬁrst consider the small
aggregates with the twofold split absorption band
observed in the sodium hydroxide solution (Fig.
1(a)). After deconvolution of the spectrum by
asymmetrical Gaussian functions, one ﬁnds the
transition energies Ek¼0 ¼ 16592 cm1 and Ek¼1 ¼
17422 cm1, while E0 ¼ 19000 cm1 is taken
constant for the dye monomers. Substituting these
values into Eq. (6) gives Nring ¼ 7:3, implying that
the number of molecules within one ring of the
cylinder is either 7 or 8. It is also instructive to note
that the spectrum reveals the transfer interaction
energy J ¼ ðEk¼0  E0Þ=2 ¼ 1200 cm1. This
magnitude is typical for J-aggregates of cyanine
dyes [27] and in fact agrees well with the value
obtained for linear TDBC aggregates in solution
[34]. Finally, using Eq. (8) and the ratio of the
peak areas Ak¼0=Ak¼1 ¼ 0:17 as determined from
the spectrum in Fig. 1(a), one obtains a tilt angle
of b ¼ 23. We point out that the value for angle b
is a rather rough estimate, because given the rather
large number of ﬁt parameters of each partial
peak, the ﬁtting procedure is not free of arbitrar-
iness. In addition it was necessary to take into
account some absorption of monomeric dye mol-
ecules in the ﬁtting procedure, although no
monomers could be detected in the spectra of
those dyes 1 whose J-aggregates possess only one
single J-absorption band [e.g. 1, R ¼ C2H5;
R0 ¼ ðCH2Þ3SO3H] [26]. These uncertainties make
it hard to accurately determine the ratio of the
peak areas. The ratio may vary between 0.15 and
0.40 and hence, the tilt angles might have values
between 20 and 32.
In order to get an impression of whether these
numbers are reasonable, we estimate the diameter
of the cylinder that follows from them. Making
Fig. 4. Absorption spectra of 5 107 mol l1 dye 1A in
5 103 mol l1 NaOH containing 16.7 g l1 PVA, before (––)
and after (- - -) evaporation of the water.
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such an estimate is not a straightforward problem,
as we have little information about the aggregate
structure. Taking the molecules to be of rectan-
gular shape of size L H  D (see Fig. 2), one may
arrive at the following hand-waving expression for
the outer diameter of the cylinder:
d ¼ Nring
p
ðD sin bþ L cos bÞ þ 2H : ð9Þ
This expression assumes that the side of length H
is oriented along the radial direction of each ring
and that the molecules are packed as close as their
sizes will allow them. 2 Using Nring ¼ 7 (or 8) and
D ¼ 0:4 nm, H ¼ 1:0 nm, L ¼ 1:9 nm, as obtained
from the van der Waals radii of the molecules [14],
we ﬁnd d ¼ 6:2 (or 6.9) nm for b ¼ 23. (Owing to
the formation of a quasi-liquid phase inside the
micellar cylinders [14] the 1.0 nm long octyl side
groups have been ignored in this estimate.) It
should be emphasized that also the results for d are
rather rough, in view of the hand-waving nature of
Eq. (9) and the assumption made about the shape
of the molecules. Molecular modelling of the cyl-
inders [14] and other estimates, based on some-
what diﬀerent version of Eq. (9), suggest that
d ¼ 5 1 nm. These estimates are not unreason-
able as the ﬁltration experiments have shown that
the J-aggregates with a twofold split absorption
band are smaller in size than the superhelices with
threefold split absorption band whose single
strands have a diameter of about 10 nm [15].
Although we have hitherto used the cylinder as
structural model for the small aggregates, it should
be noted that the above results cannot distinguish
between single-rings or cylinders built up from
(weakly) interacting rings. The polarized absorp-
tion measurements of oriented J-aggregates, pre-
sented in Section 4.2, however, strongly suggest
that the cylinder picture is indeed correct.
We have applied the same analysis to the J-ag-
gregates with twofold J-aggregates that are solved
in polymeric PVA solution for preparation the
stretched PVA ﬁlms (Fig. 4, solid line, the peak
positions after deconvoluting are: 16 510 cm1
[98.0 cm1; 11.4], 17 360 cm1 [463.7 cm1; 26.9],
18 393 cm1 [552.4 cm1; 9.5] and 19 120 cm1
[1436.0 cm1; 30.5], R2 ¼ 0:9714, in brackets
FWHM and relative areas). As argued in Section 3,
we have ignored the second absorption band below
550 nm (at 18 393 cm1). Doing so, we ﬁnd
Nring ¼ 7:6 from the positions of the two J-bands,
in agreement with the value obtained above, while
the ratio Ak¼0=Ak¼1 ¼ 0:4 of the two peak areas
yields a tilt angle b ¼ 32. For the outer diameter of
the rings assuming Nring ¼ 8 this gives the value
d ¼ 6:6 nm.
We now turn to the larger J-aggregates with a
threefold split absorption band shown in Fig. 1(b).
As explained at the end of Section 2, this spectrum
can be understood in a similar way as for the
smaller aggregates and our theory can be used to
estimate the diameters of the two layers making up
the strands that form the superhelices. After de-
convoluting the spectrum using asymmetrical
Gaussian functions, while the transition energy
and band halfwidth of the monomers is taken
constant (E0 ¼ 19000 cm1, FWHM ¼ 1436
cm1), the absorption maxima of the split J-band
amount to Ek¼0 ¼ 16636 cm1, Ek¼1 ¼ 17199
cm1 of the middle positioned peak and Ek¼1 ¼
17861 cm1 of the other one. It follows from Eq.
(6) that the inner ring of the bilayer wall must
consist of N ¼ 6 molecules and the outer ring of
N ¼ 9 molecules. We also note that from Ek¼0 and
E0 we obtain J ¼ 1180 cm1, which is almost
identical to the interaction obtained for the small
J-aggregates with the twofold split band.
In order to estimate the tilt angles bin and bout in
both walls, Eq. (8) must be extended to:
Ak¼0 ¼ Aink¼1 tan2 bin þ Aoutk¼1 tan2 bout; ð10Þ
where Ak¼0 is the total intensity in the lowest J-
band, Aink¼1 is the total intensity in the highest
J-band, and Aoutk¼1 is the total intensity in the
middle band. Moreover, the intensity ratio of the







2 Although the presumed rectangular shape of the molecules
does not permit an optimal intermolecular overlapping, which
is necessary for strong coupling, the real overlap might be much
better due to an intramolecular twist of the chromophores by
17 around their trimethine chain, like it happens in crystals
[19].
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Taking the areas of the peaks determined by the
deconvolution procedure (cf. legend to Fig. 1(b)),
and using Nin ¼ 6 and Nout ¼ 9, we arrive at bin ¼
31 and bout ¼ 18. As in the case of the two-
fold split spectrum, these angles are rather rough
estimates. It is, in fact, possible that the angles
are (almost) identical for both walls. Using Eq. (9),
the above numbers translate into an outer diame-
ter of d ¼ 5:5 nm for the inner ring, while the outer
ring has a diameter of 5.5 nm inside and 7.5 nm
outside. The latter value is close to the diameter
of 10 nm that was determined for the single
strands of the superhelices in the cryo-TEM pic-
tures [15].
4.2. Polarized absorption measurements
By polarized absorption measurements, the
polarization of optical transitions of molecules can
be determined relative to a given orientation of the
sample. For this purpose a homogeneous part of
the stretched PVA ﬁlm of the small J-aggregates of
dye 1A having a twofold split J-band was verti-
cally ﬁxed in a standard quartz cuvette which
could be reproducibly placed into the spectrome-
ter. The spectra were measured with an Omega
2000 absorption spectrometer (Bruins) in single
beam modus. In front of the sample a polarizer
was ﬁxed, which could be adjusted with an accu-
racy of 2. Before measuring the spectra for each
position of the polarizer the reference spectrum
without any sample was determined. For some
selected angles the spectra corrected for this ref-
erence, are given in Fig. 5, with the spectra for
polarization parallel to and perpendicular to the
stretching emphasized by bold lines. The low-
energy J-band has its maximum value at polar-
ization parallel to the stretching direction and
decreases with increasing angle. Simultaneously,
the high-energy J-band grows and reaches its
maximum value perpendicular to the stretching
direction. To quantify the amplitudes of the two
peaks, the spectrum was deconvoluted using suit-
able Gaussian absorption proﬁles. Doing so the
amplitude of the low-energy band is found to de-
crease by a factor of 2.4 when the polarizer is
changed from 0 to 90. Concomitantly, the am-
plitude of the high-energy band increases by the
same factor whereas the absorption below 550 nm
exhibits only a weak angle dependence.
This experiment lends strong support to the idea
that the smaller J-aggregates have a cylindrical
structure, similar to the strands that make up the
superhelices. Namely, the long axis of a cylinder
will orient parallel to the stretching direction,
meaning that the low-energy state can indeed be
interpreted as the k ¼ 0 state, whose transition is
polarized parallel to the cylinder axis. If the ag-
gregates would be single rings, one should expect
the higher-energy state to be polarized parallel to
the ﬁlm plane, as single rings would tend to orient
with their planes inside the stretching direction.
Thus, as anticipated already in Section 4.1, we may
indeed associate the low-energy J-absorption band
at 606 nm with the k ¼ 0 state of cylindrical ag-
gregates, while the high-energy J-band at 576 nm
state is associated with the k ¼ 1 states.
4.3. Fluorescence polarization
Another way to investigate the polarization of
optical transitions is to determine the ﬂuorescence
polarization. This is done in isotropic samples by
measuring the intensity of the ﬂuorescence with
horizontal and vertical polarization (Ih and Iv,
Fig. 5. Absorption spectra of the stretched PVA ﬁlm contain-
ing dye 1A J-aggregates for several polarization angles of the
light with respect to the stretching direction. The bold curves
emphasize the spectra for polarization parallel (0) and or-
thogonal (90) to the stretching direction, respectively.
C. Spitz et al. / Chemical Physics 275 (2002) 271–284 279
respectively), when exciting the sample with light
of vertical polarization and incident right-angled
(horizontal) to the detection direction. The ﬂuo-
rescence polarization P is then deﬁned by:
P ¼ Iv  Ih
Iv þ Ih : ð12Þ
Provided that orientational relaxation processes
within the ﬂuorescence lifetime do not contribute
to the depolarization of the ﬂuorescence, for iso-
tropic samples the maximum ﬂuorescence polar-
ization is P ¼ 0:5 in the case that the dipoles of the
absorbing and ﬂuorescing transitions are parallel,
and P ¼ 0:33 in the case that these dipoles are
perpendicular to each other.
To avoid reabsorption of the ﬂuorescence, the
optical density of the sample was kept smaller
than 0.3. This was achieved by using a sample
thickness smaller than 0.2 mm and by ensuring a
suﬃciently high dye concentration for aggrega-
tion. The ﬂuorescence was detected in right-an-
gled front face geometry, where the detection
angle was about 80 to the surface of the sample.
This was done to minimize the inﬂuence of the
polarization dependent reﬂection of the ﬂuores-
cence light at the sample surface. The polariza-
tion dependent sensitivity of the detection system,
consisting of a double monochromator and
photomultiplier, was determined separately by
using the isotropically scattered light of a tung-
sten lamp inside an integrating sphere.
In order to obtain a ﬂuorescence–polarization
excitation-spectrum, the dependence of the ﬂuo-
rescence polarization on the excitation wavelength
was determined. The results at room temperature
are given in Fig. 6, together with the absorption
spectrum of the sample. Upon excitation in the
region of the k ¼ 0 J-band, the ﬂuorescence polar-
ization reaches a positive maximum of P ¼ 0:31. At
shorter excitation wavelengths, P changes sign and
reaches a minimum of P ¼ 0:23 in the region of
the k ¼ 1 J-band. This value is only reached when
the emission is detected in its maximum at 610 nm.
At longer detection wavelengths, the minimum of
the ﬂuorescence polarization is reduced to
P ¼ 0:15. It is impossible to measure the depen-
dence of P on the detection wavelength within the
k ¼ 0 J-band, because the scattered excitation light
prohibits diﬀerences smaller than 5 nm between the
excitation and the detection wavelengths.
Clearly, these data indicate that, indeed, the
absorption and the resonance ﬂuorescence transi-
tions related to the k ¼ 0 state are polarized par-
allel to each other, while the absorption transitions
related to the k ¼ 1 states are polarized orthog-
onal to the k ¼ 0 state. This is in agreement with
the absorption measurements on oriented samples
and with the exciton theory of cylindrical J-ag-
gregates explained in Section 2. The dependence of
the ﬂuorescence polarization on the emission
wavelength probably results from the fact that the
lower the energy of the emitting state, the longer
the intraband relaxation path towards these states.
This enables a more extensive spatial diﬀusion
over the aggregate, which in turn results in a loss
of polarization, as we expect that, in analogy to
the large aggregates observed in cryo-TEM, the
small aggregates are bend with typical radii of
several micrometers [15]. This relaxation picture is
consistent with the increase in the ﬂuorescence
lifetime upon increasing the detection wavelength
[28]. Moreover, such spatial diﬀusion also explains
why the observed polarization does not reach the
ideal limits of P ¼ 0:5 and P ¼ 0:33.
Fig. 6. Room temperature ﬂuorescence polarization (Eq. (12))
measured as a function of excitation wavelength for three dif-
ferent detection wavelengths: (j) 610 nm, ( ) 617 nm, ( ) 620
nm. The experiments were done on a solution of 104 mol l1
dye 1A aggregates in 102 mol l1 NaOH containing 20% eth-
yleneglycol. The solid curve is the room temperature absorption
spectrum of the solution.
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We now turn to the low-temperature (4 K)
ﬂuorescence depolarization, for which the results
are shown in Fig. 7, along with the absorption
spectrum at this temperature. The surprising ob-
servation is that, while the ﬂuorescence polariza-
tion of the k ¼ 0 J-band is maintained, the
polarization of the k ¼ 1 J-band now vanishes.
In fact, the polarization near the k ¼ 0 J-band
approaches with P ¼ 0:46 nearly its theoretical
maximum. This is the expected behavior, as hardly
any thermal reorientation is left at 4 K. By con-
trast, the behavior near the k ¼ 1 J-band is un-
expected: the polarization does not change sign
and is more or less constant at P  0:07. This
suggests that at low temperature and upon exci-
tation in the k ¼ 1 states, negligible correlation
exists between the polarizations of the absorption
and ﬂuorescence transitions.
In order to exclude the possibility that the
above observation is an experimental artifact, we
made sure that the scattered light of the polarized
excitation beam and the polarizing eﬀects of the
cryostat windows did not inﬂuence the results. To
this end, we used a diﬀerent experimental set-up, in
which the ﬂuorescence spectra were measured un-
der identical conditions in such a way that only the
wavelength of the vertically polarized excitation
light was changed. The results are shown in Fig. 8.
When exciting in the k ¼ 0 J-band region at 594
nm (Fig. 8(a)) a distinct dependence of the ﬂuo-
rescence intensity on the polarization angle is ob-
served, while for excitation at 573 nm, i.e. in the
k ¼ 1 J-band (cf. Fig. 8(b)), no polarization of
the ﬂuorescence is found. Moreover, the spectra
given in Fig. 8(a) show that the ﬂuorescence can be
energetically well separated from the scattered
excitation light by the monochromator. We also
note that the observed surprising behavior is not
caused by structural changes in the transparent
samples when they are cooled down beyond the
glass point of the solvent. Namely, such damage of
Fig. 7. Low-temperature (4 K) ﬂuorescence polarization (Eq.
(12)) measured as a function of excitation wavelength for a
detection wavelength of 602 nm. The experiments were done on
a cooled solution of 104 mol l1 dye 1A aggregates in 102
mol l1 NaOH containing 20% ethyleneglycol. The solid curve
is the 4 K absorption spectrum.
Fig. 8. Corrected emission spectra of the 4 K sample of Fig. 8 for a set of diﬀerent ﬂuorescence polarization angles. In the two ﬁgures
all parameters are equal, with the exception of the excitation wavelength: (a) 594 nm; (b) 573 nm. The inserts show the dependence of
the integral ﬂuorescence intensity on the polarization angle.
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the glassy matrix should equally inﬂuence the ﬂu-
orescence polarization in the k ¼ 1 and the k ¼ 0
J-bands.
We have been unable to pinpoint with certainty
the origin of the surprising low-temperature de-
polarization behavior. In the following, we discuss
several possibilities, which all need further re-
search. We ﬁrst note that, as reorientation of the J-
aggregates within the experimental time scale is
impossible at 4 K, it appears that any loss of po-
larization should be related to spatial migration of
the excitation. This may take place either within
one aggregate or between diﬀerent aggregates. As
the aggregates might be bended on the micrometer
scale (see above) and cross-linked aggregates do
not have the same orientation, this indeed leads to
the loss of polarization. While extensive exciton
diﬀusion at low temperature seems to be excluded
on theoretical grounds [29], it should be noted that
recent exciton–exciton annihilation experiments in
THIATS J-aggregates have shown a surprisingly
strong low-temperature annihilation eﬃciency
[30]. One contributing factor in spatial sampling
possibilities of the excitation, is the fact that at low
temperature the excitons have a larger coherence
length than at room temperature [31–34], because
the eﬀect of phonon scattering is eliminated. At
low temperature, this length scale is limited only
by the exciton delocalization length imposed by
static disorder. It seems, though, that this would
equally aﬀect the depolarizing behavior of the
k ¼ 1 states and the k ¼ 0 state, which contra-
dicts our experiments. It should be noted, how-
ever, that the delocalization length of the k ¼ 1
states may be enhanced compared to the k ¼ 0
state, due to the fact that they arise from two
(almost) degenerate states with mutually perpen-
dicular polarization. Such an eﬀect was recently
observed in model calculations on discotic aggre-
gates [35]. We also note that in general an eﬃcient
transport of the k ¼ 0 excitation energy from one
aggregate to another is only possible when the
aggregates cross each other in an almost parallel
way. For larger crossing angles, the dipoles of the
k ¼ 1 states give more possibility to transfer
energy.
Finally, it should be noted that the anomalous
depolarizing behavior may have an entirely diﬀer-
ent origin, which resides in the appreciable amount
of energy (1000 cm1) that has to be dumped into
the environment when nonradiatively relaxing
from the excited k ¼ 1 states to the emitting k ¼ 0
state. In the low-temperature glass, this may give
rise to local heating, enabling further diﬀusion, or
even local conﬁguration changes or fracture of the
glass. The latter may lead to reorientation of the
aggregate and (or) scattering of the emission light,
which both contribute to polarization loss. A sim-
ilar heating eﬀect does not occur upon excitation in
the k ¼ 0 band, because then it is not necessary to
dump a similar amount of energy before the
emission process takes place.
5. Conclusions
Using polarized absorption and ﬂuorescence
depolarization experiments, we have found strong
indication that the small chiral J-aggregates of dye
1A with the twofold split absorption band, have a
cylindrical structure, similar to the single strands
of the large superhelices observed in cryo-TEM,
which exhibit a threefold split J-band. From the
absorption spectra, we were able to extract esti-
mates for the diameters of the cylinders, both for
the twofold and the threefold split case. These es-
timates are in rough agreement with the TEM
pictures. The cylinders of the superhelices proba-
bly have bilayer walls, while the cylinders of the
small J-aggregates seem to have a single-walled
micellar structure. The small J-aggregates dem-
onstrate surprising low-temperature depolariza-
tion dynamics, which is either related to
preferential exciton migration or to a local heating
eﬀect arising from energy released in nonradiative
relaxation preceding the spontaneous emission
process.
Throughout this paper, we have restricted our-
selves to nearest-neighbor interactions between
molecules within the rings that make up the cyl-
inders. Longer-range interactions and interactions
between diﬀerent rings have been neglected in the
analysis. We stress that including additional in-
teractions does not lead to major changes in the
basic picture: three dipole allowed transitions
dominate the absorption spectrum. One of these is
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polarized along the cylinder axis, while the other
two are degenerate and polarized perpendicular to
the axis. This statement is rigorous if we assume
periodic boundary conditions in the longitudinal
direction of the cylinder (i.e., if the cylinder is
long), as in that case the states are two-dimen-
sional Bloch states with optical selection rules
imposing a zero wave number for the longitudinal
direction and k ¼ 0 or k ¼ 1 for the circumfer-
ential direction. These selection rules do not de-
pend on the range of the interaction, but only rely
on the Bloch nature and the geometry of the
transition dipoles on the cylinder [21]. For open
boundary conditions in the longitudinal cylinder
direction, the situation changes and, in principle,
more transitions obtain oscillator strength. Yet,
for the assumed cylinder geometry, each one of
these transitions is either polarized along the cyl-
inder axis, or perpendicular to it (independent of
the interactions and the tilt angle b). Moreover, in
analogy to one-dimensional J-aggregates with
nearest-neighbor [36] as well as with long-range
dipole interactions [37], one expects that only one
superradiant longitudinal wave function domi-
nates the optical absorption [24]. Thus, the basic
picture of three dominant transitions (one polar-
ized along the cylinder axis and two perpendicular
to it) is not changed by including additional in-
teractions. To illustrate possible eﬀects, we note
that the absorption experiments reported here,
have also been analyzed using a model in which
dipole-dipole interactions are used between
neighboring molecules within rings, between
neighboring molecules on adjacent rings, as well as
between the nearest-neighbor molecules in the di-
agonal directions of the underlying lattice [21].
This model leads to a circumference of 7.8 instead
of 7.3 molecules and an interaction in the ring
direction that is decreased by roughly 15% relative
to the value of 1200 cm1 which we found in
Section 4.1.
We ﬁnally note that micellar molecular tubes
are also found in nature, where they occur as light-
harvesting systems: strong evidence exists that the
chlorosomes of green bacteria consist of a well-
deﬁned tubular arrangement of many (102) bac-
teriochlorophyll molecules [38]. We believe that
the amphi-PIPEs which we reported on above are
promising candidates for artiﬁcial light-harvesting
systems, to be used in photoinduced electron
transfer reactions, because they combine the self-
assembling ability of amphiphilic molecules to
form cyclic structural units, with the unique fea-
tures of J-aggregates for energy migration over
long distances. However, further investigations,
such as time-dependent ﬂuorescence, pump–probe,
and exciton–exciton annihilation experiments will
have to be done in order to further clarify the
exciton migration processes in these cylindrical
J-aggregates.
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